Previous studies in our laboratory have shown that the lactic group of streptococci characteristically produces less acid after storage at refrigeration temperatures (1). Such stored cells also show a diminished residual proteinase activity. Subsequent studies of the proteinase system of Streptococcus lactis revealed the presence of two enzymes in cellular fractions (2a) . The activity associated with the particulate fraction was observed to be very labile to storage, but that of the intracellular fraction was storage-stable. Moreover, the enzyme activity of the particulate fraction appeared to have properties similar to those observed in whole cells. The enzyme from the particulate fraction has been purified (Cowman, Ph.D. Thesis, North Carolina State University, Raleigh, 1966) . The purified proteinase has been studied to determine how it is inactivated by storage, and to relate enzyme activity with cellular function.
MATERIALS AND METHODS
Enzyme. The enzyme was purified from the particulate fraction obtained by sonic disruption of cells. The particulate fraction was treated with lysozyme and then by differential centrifugation. During the steps of centrifugation, the activity remained with the membrane fraction of the cells. When the membrane fraction was treated with 2.0 M NaCl, the activity appeared in the supernatant liquid. After differential centrifugation, the enzyme was chromatographed on Sephadex G-50. The detailed procedure has been recorded elsewhere (Cowman, Ph.D. Thesis, North Carolina State University, Raleigh, 1966) . In certain studies the enzyme was used as its p-hydroxymercuribenzoate (PHMB) derivative, obtained by treating the crude enzyme solution with excess PHMB prior to purification. Since the enzyme is labile to storage (at 3 C), purified enzyme solutions were maintained at 22 C as the experimental control. To standardize the exposure of these solutions to temperature, experiments were performed within 3 to 4 days after purification.
Enzyme activity assay. The activity of the enzyme was determined with casein as substrate according to the procedure described elsewhere (2a Influence of glutathione on acid production by whole cells. Glutathione was tested for its effect on the ability of stored cells to produce acid. Cells from 2 liters of casein medium (2a) were obtained by centrifugation, and were then resuspended in 20 ml of 10% nonfat milk solids (NFM). Before and after storage at 3 C, a 1% inoculation of the cell-milk mixture was made into 100 ml of 10% NFM supplemented with various concentrations of glutathione. Milk alone served as the control. At selected intervals during incubation at 22 C, a sample was removed and the pH was recorded.
RESULTS
The activity of the purified enzyme as a function of pH was determined by incubating enzyme at 37 C with casein adjusted to pH 5.0, 6.0, 7.0, 8.0, and 9.0. Prior to storage at 3 C, maximal activity was observed at pH 6.0 (Fig. 1) ; minimal activity was at pH 8.0. After storage at 3 C for 3 days, the enzymatic activity was reduced at all pH values, but the most significant decrease was at pH 6.0. In previous studies the enzyme as its PHMB derivative was observed to be fully active even at 3 C, but the native enzyme was labile to this storage temperature. This difference in storage behavior between the native enzyme and its PHMB derivative was investigated further by use of ultracentrifugal procedures and column chromatography. The PHMB derivative of the enzyme, when maintained at 22 C, sedimented at a rate corresponding to 1.438S (Table 1) . Storage of the derivative at 3 C for 3 days did not alter the sedimentation rate. Conversely, when the native enzyme was maintained at 22 C it had a sedimentation coefficient of 4.89S, but storage at 3 C for 24 hr resulted in an increase of sedimen- tation constant to 7.43S. Measurement of enzyme activity of the solutions showed that, when the native enzyme or its PHMB derivative was maintained at 22 C, each contained 300 units of activity. The activity of the PHMB derivative after storage for 3 days at 3 C remained unchanged, but under the same conditions the native enzyme lost 86%7 of its activity.
After ultracentrifugation and activity measurements, the solutions were chromatographed on Sephadex G-100 and eluted with 0.05 M phosphate buffer, pH 6.0. When the native enzyme that had been maintained for 48 hr at 22 C was chromatographed, three components were eluted. A high molecular-weight component (I) was eluted immediately after the void volume, and this was presumed to be a higher polymer (Fig. 2A) . This component was enzymatically inactive. Two additional components which eluted more slowly were possibly a dimer (component II) and a monomer (component III). These two components were not separated sufficiently to permit activity measurement of each component. Consequently, tubes comprising these components were pooled and were found to contain 300 units of activity. Storage of the native enzyme for 24 hr at 3 C resulted in a 75% loss in activity. Chromatography of the stored enzyme indicated that considerable association of the enzyme had occurred (Fig. 2B) In contrast, the PHMB derivative of the enzyme, which had been maintained at 22 C, was eluted mostly as a monomer (component III). Smaller peaks representing polymer (I) and dimer also were observed (Fig. 3A) ;) maintained at 22 C was eluted as shown were (i) GSH control, 0.5 ml of 0.2% GSH plus iously ( Fig. 2A) . After treatment with Fe++, 1.5 ml of double-distilled (glass) water; (ii) nzyme was eluted mainly as a monomer (III), PHMB control, 0.5 ml of 0.2% PHMB plus 1.5 a smaller peak representing polymer (I), ml of water; (iii) GSH and PHMB, 0.5 ml each of iown in Fig. 4A . Moreover, the ultraviolet solutions i and ii plus 1.0 ml of water; (iv) GSH rbance (at 265 m,) of both components, and Fe++, 0.5 ml of solution i, 0.2 ml of 10-2 M -ially III, was increased significantly, and this ferrous sulfate, and 1.0 ml water; and (v) 0.5 ml d not be considered simply a redistribution of each of solutions i and ii, 0.2 ml of 10-2 M ferrous ponent II. Measurement of enzyme activity sulfate, and 0.8 ml of water. The absorbance of e separated components showed the polymer the solutions was measured at 250, 255, and 257
inactive, but the activity of component III m,. GSH alone showed low absorbance at these units) was 56%, higher than the untreated wavelengths, whereas absorbance by the PHMB rol (300 units). Storage of the enzyme for 24 control was high. When GSH was treated with 3 C, followed by treatment with Fe++, re-PHMB, the absorbance at 255 and 257 m,u was d in 85% reactivation of the initial activity increased. When GSH was treated with Fe++, units). After chromatography, the monomer absorbance was not increased. Also, treatment of contained all of the activity (Fig. 4B ). The GSH with both PHMB and Fe++ did not result d enzyme in the presence of Fe++ also in increased absorbance, except for that due to the ied a considerable increase in absorbance (at GSH-PHMB reaction. n,). of polymer forms to active monomer (Fig. 5B) .
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In the presence of both cysteine and Fe++, 60% (Fig. 6A) . The activity of the enzyme was increased by 30%o over that°1 0 20 30 40 50 of the control (300 units). After 24 hr at 3 C, the ELUTION VOLUME (ml) stored enzyme showed 65%o reactivation upon 4. Effect offerrous ion treatment of the mem-addition of GSH, with monomer being the major proteinase on its elution from Sephadex G-100; component eluted (Fig. 6B). ?buffer, 0.05 m phosphate, pH 6 .0.
Since glutathione and cysteine both were effec- tive in reactivating the storage-inactivated proteinase, glutathione was selected for additional studies with whole cells. Before and after storage at 3 C, cells were subcultured in milk and in milk containing glutathione. During incubation at 22 C, samples were removed and the acid produced by the cells was measured. Unstored cells in milk reached pH 4.75 after 14 hr of incubation at 22 C. Addition of glutathione to the milk did not result in increased acid production by unstored cells (Table 2) . After storage at 3 C for 6 days, stored cells produced less acid in milk alone, with a pH of only 5.0 being attained after 14 hr of incubation. However, the stored cells reached pH 4.75 after 14 hr when subcultured in milk with 0.1% glutathione added. Higher concentrations of glutathione did not enhance the acid produced by stored cells.
DISCUSSION
The lactic group of streptococci appears to be particularly sensitive to the environmental stress of low-temperature storage (1, 2). The decreased biological activity of stored cells is manifested by their diminished proteolytic activity and by their reduced ability to produce acid in milk. Subse- quently, it was shown that the cell contained an intracellular proteinase that was stable during storage (3) and a membrane proteinase that was labile. The similar behavior of the purified proteinase and whole cells toward storage at 3 C, PHMB, reducing agents, and ferrous ions suggests the possibility that the activity of cells in milk was regulated by this enzyme. The activity of the membrane proteinase was affected by variation in pH. This would be expected since pH can change the hydrogen-ion equilibrium at the active center, or alter the active structure (4, 6, 8, 13) . Regardless ofpH, the activity of the enzyme was decreased after storage. The severity of inactivation at pH 6.0 may indicate a pH dependence.
Storage of the enzyme produced clearly identifiable structural changes, resulting in decreased absorbance (at 265 m,u) of the enzyme and in loss of activity. Correlation of sedimentation velocity data and elution profiles indicated that storage promoted aggregation of the enzyme. Concomitant with the structural alterations was a decrease in absorbance (265 m,). The decreased absorbance was not due to a difference in protein concentration, but could result from changes in the exposure of chromophoric groups to solvent. Loss of biological activity appeared to be a further manifestation of gross changes in structure. Several investigators have suggested that storage inactivation of enzymes may be caused by induced conformational or structural changes (7, 10, 11) . Scrutton 
